A photoionization mass spectrometric study of SbH3 is presented. The adiabatic ionization potential (IP) of SbH, is (9.4OhO.02 eV. The lowest energy fragment ion, SbHf ( +H,), has an appearance potential (0 K) of 9.73e*0.00s eV, while SbH$ has an AP of 11.66*0.02 eV. The transient species SbHz and SbH are generated in situ by reacting F atoms with SbH3. The IP of SbH,, forming SbH$ (X 'Ai), is 8.731 *to.012 eV. The IP of SbH (X 32-,O+) to form SbHf (X 211,,2) is probably 8.753 ItO.
I. INTRODUCTION
Antimony is one of the Group V (pnicogen, Pn) elements utilized to form semiconductors of the III-V compounds, e.g., gallium antimonide and indium antimonide. It has been tested as a dopant in the new class of high temperature superconductors. Volatilization of solid antimony generates the tetramer (Sb,) preponderantly. If one desires Sb or Sb, beams, it may be more desirable to decompose stibine (SbH3). However, very little is known experimentally about the Sb-H bond energies in SbH3.
The atomization energy of SbH3 can be deduced from @f(SbH3), LLHof (Sb,g), and &f(H). With hlyonss (SbH,) = 34.61 AO. 10 kcal/mol,' [AH$, (SbH,) = 36.54 ho.10 kcal/mol], A@$,(Sb,g) =63.8* 1.0 kcal/moh2 and A&&(H) = 5 1.634 kcal/mol, one obtains an atomization energy of 182.2 f 1.0 kcal/mol, or an average bond energy of 60.7 kcal/mol. Goddard and Harding3 developed a semiempirical model, based on the assumption of purely covalent behavior and the counting of p-p' exchange integrals before and after bond formation, to predict the consecutive bond energies in Group V and Group VI hydrides. This model involves two nonadjustable parameters-the aforementioned atomization energy, and the magnitude of K, the p-p' exchange integral, obtained from atomic spectra. For Sb, the energy difference (weighted statistically) between the ground state (4S) and the first excited state (2D) is 9317.5 cm-1,4 and corresponds to 3 K. The Goddard-Harding model predicts a difference between consecutive bond energies of K/2 =4.44 kcal/mol. Thus D&%-H) = 56.3 kcal/mol, Dc( HSb-H) = 60.7 kcal/mol, and D,(H,Sb-H) =65.2 kcal/mol. [These values differ somewhat from the original ones of Goddard and Harding,3 reflecting a new AI$,( Sb,g)]. Ab initio theory, which has been applied to the lighter Group V and Group VI hydrides with some success' (deviation from experimental bond energies of <2 kcal/mol) becomes a formidable task for elements as heavy as Sb. Dai and Balasubramanian6 have employed a complete active space multiconfiguration self-consistent field (CASSCF) followed by full second order configuration interaction (SOCI) to calculate various properties of ASH,, SbH,, and BiH,(n= l-3), including consecutive bond energies and individual ionization potentials. In these calculations, spin-orbit coupling is taken into account using a relativistic configuration interaction (RCI) scheme. They report &(Sb-H) = 53.9 kcal/mol, &(HSb-H) =55.8 kcal/mol and Dc(H,Sb-H) =63.3 kcal/mol. These bond energies are smaller than the values predicted by the Goddard-Harding model, and the difference between consecutive bond energies is not constant. The first two bonds are closer in energy, the third bond significantly larger. Such a trend could already be seen in previous work from this laboratory on ASH, . ' The differences &(H,As-H)-&(HAs-H) and De ( HAS-H ) --De(As-H) were 8.4 and 1.9 kcal/mol, respectively, whereas Goddard and Harding predicted a constant value of 5.15 kcal/mol. The departure from this constant difference was less apparent for the phosphorus hydrides.8 One issue we wished to explore in the current research was this deviation: was it real, was it progressive, did it herald the influence of spin-orbit or other relativistic effects? Spectroscopic information is lacking. The Huber-Herzberg compilation' has no value for &( SbH), nor have we been able to find a value in subsequent literature. 
II. EXPERIMENTAL ARRANGEMENT
The approach to be used here, similar to earlier work on PH, (Ref. 8) and ASH, (Ref. 9) species, was to prepare SbH, and SbH, in situ, by successive H atom abstraction from SbH3. In the earlier work, it was found that reaction of PH3 and AsH3 with H atoms provided the desired intensity of the transient species. In the present studies, it was found necessary to use F atoms as the reagent, since the H atom reactions did not produce a satisfactory yield. With this reaction, it was possible to generate measurable quantities of SbH,, SbH, and even Sb.
SbH, was prepared by the method of Jolly and Drake." The product, after distillation, was maintained as a solid in a toluene slush bath to avoid potential hazards associated with liquid SbH, . The sublimed vapor provided sufficient pressure for the experiments at hand. The reactor employed for generating the transient species was identical to that used in prior F atom reaction studies in this laboratory.
Vacuum ultraviolet photoionization studies were performed on SbH3, SbH2, and SbH. With the relatively stable SbH3, the gas flowed into a more enclosed chamber for interaction with the dispersed vacuum ultraviolet radiation, whereas the studies on the transient species were performed with an "open" chamber, permitting the crude molecular beam to pass into and through the ionization chamber with very few wall collisions. The basic apparatus consisting of a tunable vuv light source, an ionization region, and a mass spectrometer to identify the ions of interest, has been described previously.'1"2 The bandwidth of the vuv monochromator for these experiments was 0.84 A (FWHM).
Ill. EXPERIMENTAL RESULTS

A. SbH3
The ions SbH$ , SbH$ , and SbH+ were observed with sufficient intensity for detailed study. An overview of their photoion yield curves from the onset of ionization to 700 w is shown in Fig. 1 (c) . The Sb+ fragment is also shown in this figure, although its threshold is not expected to have thermochemical significance. Although SbHz , SbH$ , SbH+, and Sb+ were measured at m/e= 126, 125, 122, and 12 1, respectively, the curves in Fig. 1 (c) have been corrected for isotopic composition. The parent ion, SbHz, increases gradually in intensity from threshold. This is con- Fig. 2 , an amplified version of the threshold region for SbH$ (SbH,) is displayed with a larger point density. The first detectable departure from the background level in the gradually ascending curve occurs at -13 19 f 3 A=940 f 0.02 eV. The adiabatic ionization potential (IP) obtained from He1 photoelectron spectroscopy'3 was 9.51 eV. Some rounded step structure, indicative of direct ionization to successive vibrational levels of the inversion mode of SbH$ , is evident. 
SbH+
An enlarged version of the threshold region for SbH+ ( SbH3), with a larger point density, appears in Fig. 3 . The appearance potential (AP), obtained by extrapolation of the initial quasilinear section (shown in the inset of Fig. 3) ) is 1280+ 1 A=9.68,=!=0.008 eV. When corrected for the internal thermal energy of SbH3,14 one obtains 9.73, *0.008 eV as the 0 K threshold.
SbH,+
A more detailed and magnified plot of the threshold region for SbH: (SbH,) is shown in Fig. 4 . The photoion yield curve increases approximately linearly below -1060 A. This linear portion, extrapolated to the background level, intersects it at 1067 f 2 A= 11.62 *0.02 eV. Upon correction for the internal thermal energy of SbH3 at 298 K, the equivalent 0 K threshold becomes 11.66 f 0.02 eV.
B. SbH2
Some SbHz (SbH,) was observed in an experiment involving the H+SbH3 reaction, but a stronger signal was ' ' -' , and SbHz (SbHz) have in common a relatively sharp onset, and then a plateau with relatively mild and broad undulations. In the SbHz (SbH,) spectrum, one can recognize broad autoionizing features at -1414, 1376, and 1363 A, as well as less prominent ones. Corresponding features in PH$ and ASH?, obtained with better resolution and signal-to-noise ratios, have not yet been assigned. However, the overall pattern is consistent with the interpretation of
the ground state being iAt for SbH$ , as was found for ASH; and PHZ , but not NH:. In all of these systems, the neutral species in its electronic ground state is strongly bent (NH2,16 103"20'; PH2, 17 93.4"; AsH~, ~ 90.7"; SbH2, 6 89.8") as are the 'Ai states of the cations (NH; ,'* 110.0"; PH$, '* 94.4"; ASH?, " 91.4"; SbHg, *' 90.7") . However, the 3B, states of the cations have more obtuse angles (NH$ ,18,20 150.9", quasilinear; PH$ ,'* 121.4"; ASH; ,lg 121 8" SbH$ , I9 119.8") . Consequently, the Franck-* , Condon factors may be expected to be more favorable for ionization to the 'At state (narrow Franck-Condon band, sharp feature) than for ionization to the 3 B1 state (broad Franck-Condon band). The sharp autoionizing Rydberg features in the spectrum of NH; (NHz), which converge to the excited state of NH;, imply that this excited state is 'Al. The gradually rising continuum reflects the broad Franck-Condon distribution for formation of the ionic ground state, which is 3B,. The relatively abrupt threshold behavior of PH;, ASH;, and SbH$, and the absence of sharp autoionizing features, is evidence that the ground states of these cations may be characterized as 'A,. The X 'Al-a 3B, splitting is not yet known experimentally, but has been calculated to be 0.92 eV (PH$),'* 0.95 eV (ASH;)," and 1.08 eV (SbHt)." If the wavelength range of the initial ascent in the photoion yield curve represents the rotational breadth of the transition, then it may be possible to fit this portion of the curve, utilizing the moments of inertia of neutral and cation, and the temperature. In this way, it was possible to select the rotational zero-zero transition, and hence the adiabatic IP of PH,. *W In the present case, the required moments of inertia are not fully known, and the data have more statistical uncertainty. Hence, by analogy with PH, (and AsH2), we approximate the zero-zero transition as the half-rise point, and (allowing for a more generous uncertainty), the adiabatic IP of SbH, to form SbH$ , X 'A,, is 142Ort2 A~8.731 =l=O.O12 eV. 
C. SbH
The photoion yield curve of SbH+ (SbH) from -1180-1430 A is presented in Fig. 6 . The first indication of a signal above background is a small step at 1416.5 f 1.5 A= 8.753 =!=0.009 eV (see Fig. 7 ), which is probably the adiabatic IP, corresponding to the process SbH(X 32-,O+) +hv-+SbH+(X 2111,z) +e.
However, there is a caveat. One must consider the possibility that this initial weak step may correspond to ionization of the excited (C4 = 1) component of 32-, lying -655 cm -' ~0.08 12 eV (Ref. 9) higher than Of. In the vast majority of cases studied with this source (with one exception), the species observed could be characterized as being equilibrated at about room temperature. For SbH (Cl = I), with a degeneracy of 2, its abundance relative to SbH (O+ ) would be predicted to about 8%. The observed intensity of the 1416 A feature to the contiguous peak at shorter wavelength is about 20%. Also, this next feature appears at about 1410 A, which is 0.04 eV to higher energy, rather than 0.08 eV. Hence, in all likelihood the adiabatic IP is 8.75 eV, but it could conceivably be as high as 8.79 eV. The photoion yield curve of Fig. 6 bears some resemblance to the results of earlier experiments on PH+(PH) and AsH+(AsH), although this conclusion requires some perspicacity. Autoionization structure is prominent in all three cases. With PH and ASH, it was possible to assign the autoionizing peaks to Rydberg series converging to the a 48-excited state, lying about 2 eV above the ground state of the cation. SbH+ is isoelectronic with SnH, which has an excited a 42-state lying about 2 eV about the ground ( 211,> state. ' Hence, a plausible approach is to find Rydberg progressions among the observed peaks which converge to a limit -10.8 eV.
A list of the observed features is given in Table I . The three largest peaks occur at 1378.5AO.8, 1255&l, and 1210&l A. With a limit of 10.866*0.011 eV, these features approximately conform to the Rydberg formula
with n*=2.696, 3.713, and 4.687, respectively. Two members of another series (broad features at 1282 f 1 and 1221=!= 1 A> appear to conform to this limit, with n*=3.374 and 4.372. However, the two sharper peaks (at 1316* 1 and 1236k 1 A) appear to fit better to a slightly lower Phys. 92, 3688 (1990) . 'Reference 6. The value for IP (ASH) given by these authors is for the transition ASH (X3X-) to ASH+ (X *lI). The measured IP (ASH) is from ASH (X O+) to ASH+ (X 2111,2). For the latter, the spin-orbit splitting is about 0.2 eV (2111n-2113n), whereas the 0+-l zero field splitting is -0.01, eV. The effect of these corrections is to reduce the IP (ASH) given by Dai and Balasubramanian (9.50 eV) to about 9.40 eV. A similar correction is made for IP (SbH), where 6 (Sb) ~0.422 eV, 5 (Sb+) -0.468 eV and the zero field splitting is 0.08 eV. mPresent results.
1406-1: 1 and 1266 & 1 A, appear to be components of a series converging to the lower limit (n*=2.592 and 3&M), although they could conceivably be associated with the upper limit (n*=2.577 and 3.561).
Note that the value of ;1 chosen for SbH+ (a 42-) is much smaller (45.78 cm-') than the value of A chosen for SbH (X 38-), 333.39 cm-1.9 A similar relationship exists between il for GeH (a 42-), which is 6.52 cm-1,9 and ;1 for ASH (X 38-), which is 58.87 cm-'.9 Consequently, the limit previously observed for ASH+ (a 4E-> (Ref. 7) may actually be split by -39 cm-' =0.005 eV.
A portion of the difference between the J. for 42-and that for 32-appears to be a matter of definition. Kovacs22 uses the parameter E while Herzberg23 prefers 1. If one compares their formulas for 38-, one finds that the more conventionally used jl= 3/2 E. However, if one compares the 42-formulas in Kovacs22 and Klynning et al.,2' E is actually the A reported for SnH and GeH. Hence, if one uses a more consistent definition of the spin-spin interaction parameter, it differs between 32-(SbH) and 42-(SnH) by a factor 4.85, and for 38-(ASH) and 42-(GeH) by a factor 6.02. We speculate that the large difference between il (or E) in 32-and 4X-states of related molecules is a consequence of the molecular orbital structure of these states. For 3I;-, the molecular orbital description is 22, and the spin splitting occurs between the two electrons in the single r orbital. For 42-, the molecular orbital description is 02, and the spin splitting is an average among tpvo o-rr interactions and the r-rr interaction.
IV. DISCUSSION
A. The ionization potentials
In Table II , we summarize the adiabatic ionization potentials determined in the present work, and compare them with the ab initio calculated values of Dai and Balasubramanian.6 Also shown are the results, both experimental and calculational, of the adiabatic ionization potentials of the other Group V mono and di-hydrides. For NH,, we list the IP to the excited 'A1 state, so that it may be compared to the other di-hydrides, where 'Al is the ground state of the cation. For NH, NH2, PH, and PH2, ASH and AsH2, the experimental values are known to accuracies of co.01 eV, and the calculated values of Pople, Curtis% and collaborators agree to within *to. 10 eV. For ASH and ASH,, there also exist calculated values by Dai and Balasubramanian, which differ from experiment by -0.24 and 0.19 eV, respectively. The antimony hydrides are currently too heavy to be treated by the ab initio methods of Pople, Curtiss et al. The calculated values of Dai and Balasubramanian differ from our experimental values by -0.30 eV (SbH) and -0.35 eV (SbH,). For SbH,, the calculation differs by -0.5 eV from our value, and 0.6 eV from the photoelectron spectroscopic value, but since this transition involves an extended Franck-Condon region, it is conceivable that the experimental results do not reach the adiabatic threshold, in which case the deviation would be diminished.
We had shown previously' that the Goddard-Harding bThe IP(PnH) given here is from PnH(X 3Z-) to PnH+(X*II). Hence, the experimental value, which corresponds to formation of PnHf(X2111,2), is increased by fC(Pn), and slightly decreased by the weighted zero field splitting of PnH (X 'Z-). ' The two lowest LS states of Pn, 4S and *D, differ by 3K. Thus K is evaluated from the difference in these energies, after computing the weighted mean of 'D,,,,,,,. approach could be extended to predict the difference in ionization energies. The difference between the ionization energies of Pn and PnH was also the difference between PnH and PnH,, and found to be -J+J'--K+K'/2, where the J's and K's are coulomb and exchange integrals involving different combinations of px , p,, , and pz orbitals of Pn (Pn = N, P, As, Sb) . In the approximation where all the J's are equal, and all the J?s are equal, this difference becomes K/2, the same quantity by which the consecutive bond energies were predicted to differ by Goddard and Harding. In Table III , we compare the predictions of this semiempirical model with the present results, and the earlier work on nitrogen, phosphorus, and arsenic hydrides. Since the model does not include spin-orbit effects, but the experimental results implicitly involve them, it is necessary to modify the latter to make the comparisons more valid. Thus the process Pn(4s) -+Pn+ occurs to 3P0,1,2. Our modified IP is to the center of gravity of 3P. Similarly, PnH (3X-) -+ PnH+ can form X 'II,,* and 2K13/2, separated approximately by c, the spin-orbit constant of Pn. Our modified IP in this case is the mean of 2111,2 and 2113/2. Finally, there remains the zero field splitting of PnH ( 32-) into O+ and 1 states, which begins to be noticeable in ASH, and is significant in SbH. Using the adjusted ionization potentials, we note that the difference in IP's between Pn and PnH is very nearly the difference between the IP's of PnH and PnH,, bearing out one prediction of the model. However, the absolute magnitude of this difference is larger than K/2; for N, the observed difference is about 1.05 eV, whereas K/2 g 0.4 eV. This discrepancy diminishes significantly for P, and monotonically thereafter, until it almost vanishes for Sb ( -0.20 eV observed, 0.19 eV predicted). The large discrepancy for N, which also appears in the consecutive bond energies, has been discussed previously.7 The good agreement for Sb provides at least heuristic support for the experimental IP's 5646 B. Rustic and J. Berkowitz: Photoionization of SbH, reported here. The fact that AIP(Pn-PnH) and AIP ( PnH-PnH,) are nearly equal, but the absolute values differ from K/2, may be evidence for the view that the assumptions J= J' and K= K' are not quite valid.
B. The bond energies
The fragmentation process that occurs at lowest energy in the photodissociative ionization of SbH, (and hence the most thermochemically significant, in principle) is SbH3+hv+SbH++H2+e, with a 0 K threshold at 9.73,*0.008 eV. If we subtract the currently measured IP ( SbH) = 8.753 f 0.009 eV, we obtain an endothermicity of 0.977=!=0.012 eVs22.5 ho.3 kcal/ mol for the corresponding neutral process, The fragmentation process SbH3+hv-+SbHc+H+e was found to have a 0 K onset at 11.66 *0.02 eV. By subtracting IP(SbH,) =8.731 =tO.O12 eV, given in Sec. III B, we obtain 2.929*0.02 eVG67.5 ho.5 kcal/mol for Dc(H,SbH). Therefore, the energy of the remaining bond, &(HSb-H), must be 125.8-67.5=58.3*0.6 kcal/ mol, corresponding to AE&( SbH,) = 52.5 *0.6 kcal/mol. These bond energies, together with the semiempirical predictions of Goddard and Harding and the ab initio calculations of Dai and Balasubramanian are summarized in Table IV .
Although the ab initio bond energies of Dai and Balsubramanian are uniformly lower than the experimental values (and therefore do not sum to the expected atomization energy of SbH,), they predict a deviation from equal increments (A' = K/2) which is observed experimentally, and in the same direction. Dc(Sb-H) is closer to D,-,(HSb-H) than predicted by the semiempirical model, and there is a larger gap between &(HSb-H) and &(H,Sb-H).
As mentioned in Sec. I, this pattern was beginning to be evident in the corresponding arsenic hydrides.
We must first consider whether this deviation from the Goddard-Harding model can be an artifact of our experimental procedure. One feature common to our studies of PH,, ASH,, , and SbH, is that the lowest energy fragmentation process from PnH, forms PnH+ +H2+e. The higher energy fragmentation, which forms PnHz + H + e, may be subject to a kinetic shift. If this were the case, our inferred value of & (H,Pn-H) would be higher than the true value, and the consequent allocation of the consecutive bond energies would deviate from the GoddardHarding predictions in the observed fashion. However, our experimental values for Dc( H,Pn-H) agree very well with Goddard and Harding3 assumed "each bond pair to be purely covalent." A conceivable cause for the observed deviation is a departure from this premise. The degree of ionicity can be estimated from the difference in electronegativity in the bond pair. For H, the electronegativity24 is 2.1, while for N, P, As, and Sb it is 3.0, 2.1, 2.0, and 1.9. Clearly, the largest deviation from purely covalent behavior is N-H, and this may explain the large discrepancy between the absolute values of the observed gaps A and the predicted ones A' = K/2 for the nitrogen hydrides, both in their ionization and dissociation behavior. However, this effect seems to be a small one when examining the dzJErences between gaps, i.e., Dc(H,Pn-H)-Do(HPn-H) vs Dc(HPn-H) -Dc( Pn-H). A more likely cause is a heavy element effect, manifested by spin-orbit or relativistic behavior.
We can invoke a simple model to rationalize the observed departure from the Goddard-Harding model. In the limit of pure j-j coupling, thep orbital splits into aplj2 orbital (which can be occupied by two electrons) and a ~312 orbital, somewhat less bound, which can accommodate up to four electrons. The pnicogen atoms all have three valence p electrons. These can be visualized as being distributed, two in the p,/, subshell and one in the ~312 subshell. This latter electron is the one which can most readily form a bond. The resulting ground state of PnH is 38-for NH and PH. Both molecules conform to Hund's case (b) , with B/A= 17.8 and 3.8 for NH and PH, respectively2' (where B is the rotational constant and ;1 is the spin-spin interaction parameter). For AsH,~' SbH,3 and BiH,9 B/A =0.12, 0.017, and 0.0015, as the coupling scheme moves progressively to Hund's case (c) . For these latter molecules, a splitting of the 32-into O+ (ground state) and 1 (excited state) is manifest, and increases from -100 cm-' (ASH) to -650 cm-' (SbH) to -4900 cm-' (BiH).9 Addition of a second H atom to PnH in these heavier species requires some promotional energy, to break the pairing in the O+ state (which is analogous to the pl12 subshell in the atomic case). Consequently, the net bond energy for this second bond will be correspondingly reduced. The third bond can be formed with no additional promotional energy. Upon examining the behavior of the As-H, bonds and the Sb-H, bonds, it appears as if this second bond energy is the one most deviant from the Goddard-Harding picture, as predicted by this simple model.
If this model were to be extrapolated to the bismuth hydrides, it would very likely predict a reversal, i.e., DO ( BiH) > DO ( HBi-H). This is not reflected in the calculations of Dai and Balasubramanian,6 who calculate D,(BiH) =41.0 kcal/mol and Dc(HBi-H) =45.4 kcal/ mol. Other evidence suggests that this reversal may indeed occur. The heat of formation of BiH, is poorly known. Gunn26 has estimated A$&,s( BiH3) = 55 kcal/mol, based on extrapolation. Saalfeld and Svec27 give A$!&,s( BiH3) =66 kcal/mol, based on the electron impact appearance potential of Bi+ ( BiH3). Modern concepts of kinetic shifts make this value highly suspect. The corresponding values at 0 K would be 57 and 68 kcal/mo1,28 leading to atomization energies of 148 kcal/mol (Gunn) and 137 kcal/mol (Saalfeld and Svec) . The sum of the individual bond energies (i.e., the atomization energy) calculated by Dai and Balasubramanian 6 is 138.2 kcal/mol. Their calculations tend to give lower bond energies than experiment. In the case of SbH,, their atomization energy is -95% of the experimental value. Applying this figure to BiH3, one obtains an atomization energy of 145.5 kcal/mol, reasonably close to the value based on Gunn' -H) , the first bond, i.e., Do(BiH), would be about 9 kcal/mol stronger than the second. On the basis of the Goddard-Harding model, Do (H,Bi-H) is probably larger than Do(HBi-H), and hence D,(BiH) should exceed D, (HB-H) by more than 9 kcal/mol. The higher value of uf19s ( BiH,) given by Saalfeld and Svec2' would exacerbate this difference, but (as mentioned earlier) this result is highly questionable.
It is an interesting exercise to try to modify the Goddard-Harding model by incorporating relativistic effects, which are expected to be dominant in the BM, system. In the simplest approach, the difference between the third and second bond energy remains K/2, but D,(HBiHi)-Do ( Bi-H) z K/2 -AE, where AE is the promotional energy necessa-q to make the relativistic coupled electron pair in BiH (X0+) available for bonding. Approximating AE by the O+ -1 splitting in BiH ( -4900 cm-'), '9 we arrive at D,(HBi-H)-D,(BiH) -6.6-14.0= -7.5 kcal/ mol, while Do( H,Bi-H) -Do( HBi-H) z 6.6 kcal/mol. Using the atomization energy of BiH3, the individual bonds are calculated to be 5 1.2 (H,Bi-H), 44.6 (HBi-H), and 52.1 kcal/mol (Bi-H). The latter value is fortuitously close to the spectroscopically derived D,(BiH) ~55 kcal/ mol discussed above. More importantly, however, even this simple relativistic correction to the Goddard-Harding model predicts that Do(Bi-H) > D,(HBi-H).
In the case of SbH,, the analogous relativistic correction is much smaller, and does not reverse the ordering of bond energies, which become 64.6 (H,Sb-H), 60.1 (H&-H), and 57.5 kcal/mol ( Sb-H ) .
A possible manifestation of the relativistic effect can be seen in the pnicogen fluorides. These systems do not conform to the Goddard-Harding model. In fact,31 D,(N-F) > D,(FN-F) > Do( F,N-F), just the reverse of the order given by Goddard and Harding for the consecutive bond energies in the NH, system. The weakening of the N-F bond energies with addition of fluorine atoms has been attributed at least partly to repulsion of the negatively charged fluorine valence orbitals. These repulsions can be expected to be stronger for first row compounds like N-F than for heavier ones, since the internuclear distances are shorter. In fact, the sequence of P-F bonds31 becomes the same as for P-H bonds, i.e., Do(F2P-F) > D,(FP-F) > Do( P-F). Lack of information on As-F and Sb-F bonds prevents us from testing the progressive behavior of these consecutive bond energies. However, recent studies from our laboratory on the BiF, system32 demonstrate that Do(BiF) =3.76*0.13 eV is larger than D,(FBi-F) =3.50 ho.15 eV, and D,(F,Bi-F) =4.5,, ho.2 eV is the largest of these bonds. Hence, it may be that the relativistic effect in the bismuth fluorides has enabled Do( Bi-F) to overtake D,(FBi-F), as we tentatively predict for the corresponding bond energies in the BiH, system.
